INTRODUCTION
Multifunctional enzymes are found in all classes of organisms, including bacteria, higher plants and mammals, but they appear to be particularly common on the biosynthetic pathways ofthe lower eukaryotes (Kirschner & Bisswanger, 1976; Schmincke-Ott & Bisswanger, 1980; Hardie & Coggins, 1986) . Most multifunctional enzymes catalyse two or more consecutive reactions on a biosynthetic pathway. In some cases the pathway intermediates are covalently bound to the enzyme, as in the case of the fatty acid synthases (Schweizer, 1986; Hardie & McCarthy, 1986) , but more frequently the products of the individual reactions are free to diffuse away from the enzyme surface. The arom multifunctional enzyme Coggins et al., 1985; Coggins & Boocock, 1986) which catalyses the five central steps of the shikimate pathway (see Fig. 1 ) is an example of this latter type of multifunctional enzyme.
One remarkable feature of the arom system is the diversity in the patterns of gene and enzyme organization found in different species. Genetic and biochemical studies have revealed the presence of an 'arom gene cluster' in Neurospora crassa (Giles et al., 1967a; Catcheside et al., 1985) , Aspergillus nidulans (Ahmed & Giles, 1969; Charles et al., 1986) , Saccharomyces cerevisiae (de Leeuw, 1967; Larimer et al., 1983) , Schizosaccharomyces pombe (Strauss, 1979; Nakanishi & Yamamoto, 1984) , a number of other fungal and yeast species (Ahmed & Giles, 1969; Bode & Birnbaum, 1981) , and in Euglena gracilis (Berlyn et al., 1970) . In contrast, the corresponding structural genes for the five central enzymes of the shikimate pathway in Escherichia coli, Salmonella typhimurium and Bacillus subtilis are widely scattered about the genome (Bachmann, 1983; Sanderson & Roth, 1983; Henner & Hoch, 1980) and in the case of E. coli the five enzymes have also been shown to be separable (Berlyn & Giles, 1969; Coggins et al., 1985) . In plants three of the enzymes of the pathway are separable but two, 3-dehydroquinase and shikimate dehydrogenase, copurify (Polley, 1978; Koshiba, 1979; Fiedler & Schultz, 1985; Coggins, 1986; Mousdale et al., 1987) and have been shown to occur on a single bifunctional polypeptide chain (Polley, 1978; Fiedler & Schultz, 1985; Mousdale et al., 1987) .
These observations raise the question of what relationship there is between the prokaryotic monofunctional shikimate pathway enzymes and the multifunctional eukaryotic enzymes. On the basis of limited proteolysis experiments on the N. crassa arom multifunctional enzyme (Smith & Coggins, 1983; Coggins et al., 1985; Coggins & Boocock, 1986) and from knowledge of its subunit molecular mass and the subunit molecular mass of the five corresponding E. coli enzymes we have proposed that the arom protein has a mosaic structure consisting of five autonomous, monofunctional domains each one homologous to the appropriate E. cli enzyme Coggins & Boocock, 1986; Hardie & Coggns, 1986) .
To confirm this hypothesis we set out to determine -tbe complete sequence of the S. cerevisiae arom protein and the five corresponding monofunctional. E. coli enzymes,. While this work was in progress Hawkins and vi1 co-workers reported the partial (Charles et at., 1985) and later the complete (Charles et al., 1986) sequence of the A. nidulans arom multifunctional enzyme and pointed out that it contained a region homologous to E. coli EPSP synthase (Charles et al., 1986; Duncan et al., 19S4 ).
Here we report the complete sequence of the S. cerevisiae arom multifunctional enzyme and compare it with tie sequences, determined in our laboratory, of all five of the corresponding monofunctional E. coli enzymes (Duncan et al., 1984 (Duncan et al., , 1986 Anton & Coggins, 1987) . The results confirm that the arom polypeptide is a 'mosaic' of five functional domains, each of which is homologous to a monofunctional E. coli polypeptide. GO (1982) . DNA sequencing methods have been described previously (Duncan et al., 1984) . The paired vectors M13mp8 and M13mp9 (Messing & Vieira, 1982) or Ml3mpl8 and Ml3mp19 (Norrander et al., 1983) (Duncan et al., 1987) . These plasmids, which by restriction analysis have almost identical genomic inserts, are capable of complementing the auxotrophic lesions in a number of E. coli aromatic pathway mutant strains, namely aroA, aroB, aroD and aroE strains. The ability of a series of deletion derivatives of pME173 to complement the various aromatic pathway mutants lead directly to the location on the genomic insert of the 'sub-regions' within AROJ, and suggested the likely direction of transcription by comparison with the known order of the activities on the analogous N. crassa polypeptide (Duncan et al., 1987) .
The nucleotide sequence of pFL6 was determined, using the M13/dideoxy method (Sanger et al., 1977; Messing & Vieira, 1982; Biggin et al., 1983; Norrander et al., 1983) electrophoresis of 165000 for the corresponding enzyme isolated from Neurospora crassa (Lumsden & Coggins, 1977) . Although direct evidence in support of the assignment of the N-terminal methionine is lacking, this particular ATG codon is favoured for two reasons. The next methionine in the open reading frame, Met-104, is within the region of the arom polypeptide which is homologous to the product of the E. coli aroB gene (see below). Also, it has been shown that the first AUG codon in eukaryotic mRNA usually serves as the translation initiation codon (Kozak, 1984) ; evidence has been obtained that this codon is the first AUG in the AROJ transcript (Duncan et al., 1987 Devereux et al., 1984) . BESTFIT uses the 'local homology' algorithm of Smith & Waterman (1981) to find the best segments of similarity between two sequences. The alignments obtained are illustrated in Fig. 4 . There are very clear homologies between the sequence of each E. coli enzyme and a region of corresponding length in the S. cerevisiae multifunctional enzyme. The order of the activities on the arom polypeptide chain is the same as that predicted for N. crassa (Giles et al., 1 967a) , and for S. pombe (Strauss, 1979; Nakanishi & Yamamoto, 1984) , and not as originally deduced for S. cerevisiae by de Leeuw (1967) . The computer programs were also used to align the sequence of the A. nidulans arom polypeptide (Charles et al., 1985 (Charles et al., , 1986 ) with the S. cerevisiae sequence (Fig. 5) . The order of functional regions is the same for these two fungal multifunctional enzymes, which are more homologous to each other than they are to the five individual E. coli enzymes. The number of position identities and the percentage homologies for pair-wise combinations of the bacterial and fungal enzymes is shown in Table 2 . The S. cerevisiae, A. nidulans and E. coli sequences are all clearly homologous although the exact degree of homology varies with the different domains as discussed below.
Specific homologies between the functional domains
The first 392 amino acid residues of the S. cerevisiae arom polypeptide are homologous with the E. coli aroB gene product, 3-dehydroquinate synthase . In the alignment shown in Fig. 4 there is 36% identity between the two sequences. The distribution of the homology shows two very highly conserved sub-domains, consisting of residues 100-213 and 258-387 in the S. cerevisiae sequence. One of these sub-domains includes the flafl nucleotide-binding fold previously identified between residues 96 and 126 in the E. coli 3-dehydroquinate synthase sequence . Linking these two conserved subdomains there is a region of very low homology (residues 214-257 in the S. cerevisiae sesquence) which contain-s only one conserved residue and where, in the S. cerevisiae sequence, there is a 27 amino acid insertion. The A. nidulans polypeptide contains a shorter insertion (13 amino acids compared with the E. coli sequence) in this region (Fig. 5) Table 1 . Structure of the five E. coi enzymes which correspond to the S. cerevisiae arom activities
Note that the length of shikimate kinase is reported here as 173 amino acids and is 174 amino acids in the text. The N-terminal methionine is cleaved post-translationally S. cerevisiae EPSP synthase domain is located between amino acids 404 and 866. Of the five functional domains of the arom multifunctional enzyme this is the best conserved, with 38% identity between the E. coli and S. cerevisiae sequences and 55% identity between the fungal sequences ( Table 2) . As with the 3-dehydroquinate synthase domain there are two very well conserved sub-domains separated by a region with no homology. In the S. cerevisiae sequence this unconserved region of 51 residues (Ile-701 to Thr-753), like the unconserved region separating the two 3-dehydroquinate synthase subdomains, contains an 11-residue insertion compared with the E. coli sequence. This two sub-domain pattern is illustrated in Fig. 6 , which shows the alignment of two bacterial and two fungal EPSP synthase sequences.
Much attention has been focused recently on EPSP synthase since the discovery that the commercially important herbicide glyphosate (N-phosphonomethylglycine) acts on plants by inhibiting this enzyme (Amrhein et al., 1980; Mousdale & Coggins, 1984) . Glyphosate is also a potent inhibitor of the N. crassa and E. coli enzymes (Boocock & Coggins, 1983; Lewendon & Coggins, 1983) . A glyphosate-insensitive form of EPSP synthase has been isolated from a Salmonella typhimurium mutant resistant to glyphosate (Comai et al., 1983) and it has been shown that the only alteration in the enzyme structure is a Pro to Ser change at position 101 in the enzyme sequence (Stalker et al., 1985) . Pro-l01 is conserved between E. coli and S. typhimurium (Fig. 6 ), but in both the fungal sequences it is replaced by Phe (position 505 in the S. cerevisiae sequence). This position follows a highly conserved region in the bacterial and fungal sequences and precedes a less well conserved sequence which includes a 5-amino-acid insertion in both fungal sequences (Fig. 6) . The absence of a conserved Pro at position 505 in the fungal sequences indicates that this residue cannot be an essential feature of glyphosatesensitive forms of the enzyme.
It has been proposed that the mechanism of EPSP synthase involves a cysteine residue at the active site (Ganem, 1978) . The greater than 98% inactivation of the multifunctional N. crassa EPSP synthase by Nethylmaleimide and the protection against inactivation by this reagent observed in the presence of shikimate 3-phosphate and glyphosate are consistent with this suggestion (M. R. Boocock & J. R. Coggins, unpublished work), but it should be noted that cysteine-directed reagents do not completely inactivate the monofunctional E. coli (Lewendon, 1984) and Aerobacter aerogenes (Steinrucken & Amrhein, 1984) enzymes. This implies that an important cysteine residue is near to but not necessarily at the active site of the enzyme. There is a single cysteine which is conserved in all four EPSP synthase (Cys-853 in the S. cerevisiae sequence, see The EPSP synthase region is linked to a region homologous to the E. coli aroL gene product, shikimate kinase II, by a 20-amino-acid sequence (residues 867-886 in the S. cerevisiae sequence). Homology with E. coli shikimate kinase II extends to residue 1059. The homology found in this region, which is 23% for the E. coli versus fungal sequences and 4000 for the two fungal species, is lower than that found in the EPSP synthase region. Although the overall degree of homology between the yeast and E. coli shikimate kinase sequences is rather low, there is one well conserved region which has sequence homology with the 'A' sequence of the ATP-binding site of phosphofructokinase and adenylate kinase (Walker et al., 1982) . This 'A' sequence, G-X4-G-K-(T)-X6-I/V, occurs between residues 895 and 909 in the S. cerevisiae sequence (corresponding to E. coli shikimate kinase residues 9-23); the final residue, conserved between these two species, is an alanine rather than the usual isoleucine or valine. Comparing the S. cerevisiae and A. nidulans shikimate kinase domains, the sequences around this 'A' region of the ATP-binding site are very homologous (9/11 matches). However, the A. nidulans enzyme does not have the GKT motif; instead it was GKS. Although not unique in this respect (Midgeley & Murray, 1985) , this feature is unusual in that the GKT is highly conserved over a wide species range and over a wide range of different ATP-utilizing enzymes, and it is conserved between the S. cerevisiae and E. coli shikimate kinases .
Following the shikimate kinase region is a region which shows homology to the E. coli aroD gene product, 3-dehydroquinase (Duncan et al., 1986) . In the alignment shown in Fig. 4 the N-terminal amino acid of E. coli 3-dehydroquinase overlaps with the C-terminal amino acid of E. coli shikimate kinase. The percentage 
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A.nidulane residue which is known to form a imine intermediate during the enzyme-catalysed reaction nidulans arom polypeptide (Charles et al., 1985 (Charles et al., , 1986 ( Fig. 5) . It is therefore reasonable to propose that this is the active site histidine residue. -1987 In some species of micro-organism there is an inducible catabolic pathway-that allows the utilization of the plant metabolite quinic acid as a carbon source (Giles et al., 1967b; Giles, 1978) . One of these catabolic enzymes is a 3-dehydroquinase, and it has been reported that there is no discernible homology between the biosynthetic 3-dehydroquinase domain of the A. nidulans arom polypeptide and the inducible catabolic 3-dehydroquinases of N. crassa and A. nidulans (Da Silva etal., 1986) . Neither the 3-dehydroquinase domain of the S. cerevisiae arom protein nor the E. coli biosynthetic 3-dehydroquinase show any homology with the inducible fungal 3-dehydroquinases, which supports the proposal that the biosynthetic and degradative 3-dehydroquinase functions have arisen independently (Da Silva et al., 1986 ).
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The C-terminal region of the arom polypeptide (residues 1306-1588) is homologous to the E. coli aroE gene product, shikimate dehydrogenase (Anton & Coggins, 1987) . In this case, the homology between E. coli and S. cerevisiae (25%) is higher than that for the shikimate kinase and 3-dehydroquinase domains; the A. nidulans shikimate dehydrogenase domain however has diverged substantially, being only 15% homologous with the E. coli and 27% homologous with the S. cerevisiae sequences ( polypeptide chain is connected to the 3-dehydroquinase region by a 12-amino-acid peptide (residues 1294-1305 in the S. cerevisiae arom sequence). Linkage of the domains The S. cerevisiae arom polypeptide chain contains 1588 amino acid residues, which is 113 more than the total number of amino acid residues found in the five corresponding E. coli polypeptide chains (Table 1) . Many of these extra amino acids occur in the regions linking the various domains (Fig. 7) . Zalkin et al. (1984) have postulated that connector regions are probably essential for the structural integrity of multifunctional proteins, but that their sequence is not important. The S. cerevisiae-E. coli homologies break down towards the end of the E. coli sequences, making it impossible to say precisely where one domain ends and another begins in the arom sequence and making it difficult to define where the connectors begin and end. There are nonetheless four obvious connector regions linking the five domains of the S. cerevisiae arom polypeptide chian. These connector regions are characterized by a lack of homology between the E. coli and S. cerevisiae sequences that extends over some 30-40 residues and in three of the four cases by an insertion of from 11 to 20 amino acids in the S. cerevisiae sequence (Fig. 7) . Secondary structure predictions following the method of Chou and Fasman indicates that these non-homologous connector regions are essentially devoid of secondary structure. In the three cases where there are insertions the additional amino acids are mainly hydrophilic.
Codon usage
The codon usage of the AROJ gene is shown in Table  3 . The pattern resembles that for other S. cerevisiae genes involved in amino acid biosynthesis, for example TRP5 (Zalkin & Yanofsky, 1982) , HIS] (Hinnesbusch & Fink, 1983) and HIS4 (Donahue et al., 1982) .
DISCUSSION
There is an increasing body of evidence that long polypeptide chains have evolved by the fusion of smaller pre-existing functional modules (Hardie & Coggins, 1987 ). In some cases, for example the immunoglobulins, the fusions have involved the repetition and diversification of a single structural element, presumably through gene duplication followed by divergence (Cushley, 1986 ). In other cases there is evidence that functions which in some species are present as separate monofunctional proteins occur in other species as fused multifunctional proteins. The amino acid sequences of these multifunctional proteins have mosaic structures with recognizable regions that are closely related to their monofunctional counterparts (Hardie & Coggins, 1986) . The results presented here for the S. cerevisiae arom multifunctional enzyme demonstrate that its pentafunctional polypeptide chain has such a mosaic structure and in this respect is very similar to the A. nidulans arom multifunctional enzyme (Charles et al., 1986) . The most likely explanation for the origin of the pentafunctional fungal arom polypeptides is that they have arisen by the fusion of ancestral E. coli-like genes (Hardie & Coggins, 1986; Charles et al., 1986) . The alternative explanation, that the multifunctional enzymes are more ancient and that the monofunctional bacterial enzymes arose from them by mutational insertion of stop and start codons, cannot however be totally excluded (Hardie & Coggins, 1986) .
Assuming that the gene fusion hypothesis is correct it would be expected that at least some of the functional regions of the arom polypeptide chain would maintain a degree of structural autonomy and that functional domains might be isolatable, for example by limited proteolysis. Although no such studies of the S. cerevisiae arom polypeptide have been reported the domain structure of the closely related N. crassa arom polypeptide has been studied directly by limited proteolysis (Smith & Coggins, 1983; Coggins et al., 1985; Coggins & Boocock, 1986) . A very stable C-terminal tryptic fragment of Mr 68000 which carries both the 3-dehydroquinase and shikimate dehydrogenase activities has been isolated (Smith & Coggins, 1983; Coggins & Boocock, 1986) . One particularly interesting property of this bifunctional fragnent of the arom polypeptide is that even after denaturation with 8 M-urea or sodium dodecyl sulphate it can refold and regain some of its shikimate dehydrogenase activity (Smith & Coggins, 1983; Coggins & Boocock, 1986) . This implies that the C-terminal region of the arom polypeptide is a truly autonomous functional region. Evidence has also been presented that expression of the C-terminal region of the A. nidulans AROM gene gives an independently folding polypeptide chain carrying 3-dehydroquinase activity (Kinghorn & Hawkins, 1982) and a truncated bifunctional A. nidulans AROM polypeptide carrying EPSP synthase and 3-dehydroquinase activity has been reported (Charles et al., 1986) . The early genetic data for the N. crassa arom locus, which included the description of many point mutations lacking a single enzyme activity (Giles et al., 1967a; Rines et al., 1969; Case & Giles, 1971 ) is also consistent with the mosaic model for the arom polypeptide.
Forty years ago Horowitz proposed that biosynthetic pathways, as they occur today, are the result of retroevolution; that is, they have been progressively built backwards from the final metabolite of the pathway (Horowitz, 1945) . The mechanism of this process presumably involved gene duplication followed by divergence (Horowitz, 1945 (Horowitz, , 1965 and one would therefore expect that the evolved proteins would retain some homology with the ancestral protein at the end of the metabolic sequence. Evidence in support of this hypothesis has recently been provided by the demonstration that two enzymes catalysing successive steps in methionine biosynthesis in E. coli are homologous (Belfaiza et al., 1986) . While the sequence homologies presented here between the five monofunctional E. coli shikimate pathway enzymes and the multifunctional arom polypeptides imply that the tertiary structures of the functional domains are conserved, we have so far been unable to identify any homologies, at the primary structure level, between the five shikimate pathway enzymes. The question of whether these five enzymes have common structural features at the tertiary level will have to await detailed three-dimensional structural analysis.
Gaertner and his co-workers have attributed some very interesting catalytic properties to the N. crassa arom system (Gaertner et al., 1970; Welch & Gaertner, 1975 . These included 'catalytic facilitation' (Gaertner et al., 1970) , 'channelling' (Welch & Gaertner, 1975) and 'co-ordinate regulation' (Welch & Gaertner, 1976) . It is now clear that all these experiments were carried out with arom that was not only proteolytically degraded (Gaertner, 1978) but was also seriously deficient in 3-dehydroquinate synthase activity . Also the kinetic parameters used in the calculations were very different from those determined more recently with well defined preparations of homogeneous enzyme Coggins & Boocock, 1986) . At the present time we are not aware of any conclusive evidence of catalytic interactions between the component enzymes, nor have we obtained any evidence of co-ordinate activation (G. A. Nimmo, M. R. Boocock, J. M. Lambert & J. R. Coggins, unpublished work) . This lack of evidence for any special catalytic properties for the arom system has lead us to consider an alternative adaptive advantage for the occurrence of the pentafunctional arom polypeptide chain. By having five enzymic functions involved in catalysing five sequential steps on a biosynthetic pathway on a single multifunctional polypeptide chain the problem of coordinating the expression of the five separate enzyme activities is avoided. In this connection it is interesting to note that the turnover numbers of the five arom enzyme activities for the N. crassa multifunctional enzyme are very similar .
